INTRODUCTION
============

Retroviruses are RNA viruses that replicate through a DNA proviral intermediate which is integrated in the host genome. Transcription of this proviral DNA gives rise to a primary full-length transcript (FL RNA) that plays several essential roles in viral replication. In addition to the classical function as a precursor for spliced mRNA production, the FL RNA also acts as mRNA template for protein synthesis and as genomic RNA for packaging into progeny virions. Therefore, a proportion of FL RNA must be diverted from translation to the packaging pathway for virus assembly. Released viruses contain a genome composed of a dimer of two identical FL RNA molecules. Packaging the genome entails the problem of specificity of RNA selection among a substantial excess of non-viral and spliced viral RNAs. Packaging of FL RNA is mediated predominantly by its 5′UTR. The 5′UTR of HIV-1 forms a series of secondary structures, including the transactivation response element forming the TAR hairpin, the polyadenylation signal hairpin (polyA), a large folded structure including the primer binding site (called PBS domain) and three stem loops (SL1, SL2 and SL3) which form the Psi region ([@B1; @B2; @B3]) ([Figure 1](#F1){ref-type="fig"}). Most attention has focused on the Psi region with identification of SL1 and SL3 as the major packaging determinants ([@B4; @B5; @B6]). RNA mapping studies indicated the presence of additional determinants throughout the entire 5′-terminal region of the HIV-1 RNA. Indeed, TAR, polyA, and PBS structures also influence the packaging efficiency, although their direct role remains controversial ([@B7; @B8; @B9; @B10; @B11; @B12; @B13; @B14]). Packageable FL RNA is recognized by the nucleocapsid (NC) domain of the Gag polyproteins (GagNC) during virus assembly. HIV-1 NC binds SL2 and SL3 motifs with high affinity ([@B15],[@B16]), whereas about 1500 NC molecules coat the FL RNA in viral particles ([@B17]). Mutation of the highly conserved CCHC residues of the NC zinc fingers (ZFs) impairs FL RNA packaging and results in the production of non-infectious particles ([@B18; @B19; @B20; @B21; @B22]). Interestingly, it has been recently discovered that these non-infectious particles contain high level of viral DNA ([@B22]). Figure 1.Schematic representation of 5′UTR mutants of HIV-1 used in the study. The main structures are presented: TAR, polyA, PBS domain including the primer binding site for initiation of reverse transcription, as well as SL1, SL2 and SL3 hairpins forming Psi. SL2 includes the major splice donor site (SD1) that generates all spliced RNAs. TAR is transcribed from HIV-rtTA which is based on the HIV-1 molecular clone LAI in which TAR was inactivated by nucleotide substitutions in both the bulge and loop motifs (boxed).

The process of packaging selectivity remains unresolved. It is known that HIV-1 selectively incorporates RNAs other than the FL HIV-1 RNA genome. Notably, spliced viral mRNAs are present at measurable amounts in infectious wild-type (wt) HIV-1 particles and these transcripts can be reverse transcribed ([@B23],[@B24]). Plasma analyses of AIDS patients revealed the accumulation of HIV particles with an abundance of spliced viral RNAs ([@B25]). The FL HIV-1 transcript undergoes complex alternative splicing to produce \>46 spliced RNAs that can be divided in two classes: Multi Spliced (MS) mRNAs and singly spliced mRNAs with *env* mRNA (env) as the major representative ([@B26]). Like FL RNA, singly spliced RNAs are intron-containing transcripts and they contain the Rev Responsive Element (RRE) conferring nuclear export via the Rev/CRM1 pathway ([@B27]). Nevertheless, all spliced RNAs are equally encapsidated regardless of their nuclear export pathway ([@B28]). Determinants and mechanism involved in spliced RNA encapsidation remain unidentified. Since the major 5' splice site (SD1) is contained within the SL2 hairpin, only unspliced RNA contains both the SL1 and SL3 determinants, which could explain, at least in part, why unspliced RNA is preferentially packaged ([Figure 1](#F1){ref-type="fig"}). The main packaging signal SL1 is maintained in all spliced RNAs but was found to be dispensable for packaging ([@B28]). We examine the influence of 5′UTR structures such as TAR, polyA and PBS in the RNA selection process and we test the role of the GagNC protein.

In addition to viral RNAs, HIV-1 also packages cellular RNAs. Notably, several polymerase III (Pol III) transcripts are found selectively enriched in HIV-1 particles over their intracellular concentration ([@B28; @B29; @B30; @B31]). For instance, 7SL RNA, the common ancestor of Alu RNAs, and U6 snRNA were reported to be abundantly present in virions, but with different packaging efficiencies ([@B28]). It is unclear whether packaging of U6 and 7SL RNAs are governed by the same process. The only feature that these host RNAs have in common is Pol III transcription, which may suggest that the intracellular trafficking pathway contributes to packaging. The viral determinants for packaging of these small RNAs are still poorly defined and there is no consensus regarding their role in virus replication ([@B31; @B32; @B33; @B34]). Recent evidence supports a role for 7SL RNA in virion packaging of the antiviral cytosine deaminase APOBEC3G (A3G), although this function remains controversial ([@B35]).

The goal of the present study is to identify *cis* and *trans* viral determinants that drive the selection of these multiple viral and host RNA species for incorporation into HIV-1 particles. The present study explores the 5′UTR structures of viral RNAs and the GagNC protein requirements for packaging of unspliced and spliced viral RNAs and the consequences for incorporation of the cellular U6 and 7SL RNAs.

MATERIALS AND METHODS
=====================

Plasmids
--------

For the construction of pNL4-3 ΔpolyA, and ΔPBS, the plasmid pLTR5'-NL4-3 containing the AatII-Sph1 fragment of the molecular clone HIV-1 pNL4-3 (positions 13 269--1443) in a pUC119 vector was mutated with the QuikChange® Lightning Site-Directed Mutagenesis Kit (Stratagene) which was used according to the manufacturer's instructions. The mutated oligonucleotides used were sense-ΔpolyA (5′-GGCTAACTAGGGAACCTGTGCCCGTCTGTTGTG) and antisense-ΔpolyA (5′-CACAACAGACGGGCACAGGTTCCCTAGTTAGCC) for the pLTR5′-ΔpolyA mutant, s-ΔPBS (5′-GTGTGTGCCCGTCTGCAGGACTCGGC) and a-ΔPBS (5′-GCCGAGTCCTGCAGACGGGCACACAC) for the pLTR5′-ΔPBS mutant. The pLTR5′ plasmids were restricted with AatII and SphI enzymes and the obtained fragments were replaced in the homologous region of pNL4-3 (positions 13 269--1443) to obtain the pNL4-3 ΔpolyA, and ΔPBS plasmids, respectively. For the construction of pNL4-3 ΔpolyAΔSL1SL3, and ΔPBSΔSL1SL3, the plasmid pLTR5′-NL4-3ΔSL1SL3 containing the AatII-Sph1 fragment of the molecular clone HIV-1 pNL4-3 with the SL1 and SL3 deletions was mutated as mentioned above. The oligonucleotides are the same as before for the ΔpolyA deletion but for the ΔPBS deletion two other oligonucleotides were used taking into account the SL1 deletion: s-ΔPBS.1 (5′-GTGTGTGCCCGTCTGCAGGAGGGC) and a-ΔPBS.1 (5′-GCCCTCCTGCAGACGGGCACACAC). The presence of the deletions was confirmed by restriction and DNA sequencing. The rtTA and rtTA-E plasmids mutant of TAR are molecular clones of the LAI HIV-1 strain. They are described in detail in ([@B11],[@B36]). The pNL4-3 plasmids with NC mutations are described elsewhere: ZF deletion ΔZF1 and ΔZF2 or mutation H23C and H44C ([@B37],[@B38]), and mutations of the flanking regions: R7R10K11S and K14D ([@B39]), P31L ([@B40]) and K59L ([@B41]). Figure 2.Sequence of HIV-1 NC-SP2 domain of Gag protein. Deletions (top) and substitutions (bottom) targeting the N-terminus, the zinc fingers and the linker domains of NC and the SP2 domain of Gag are shown by colored residues.

Cell culture, transfection and infection
----------------------------------------

HEK293T cells were grown in DMEM medium (Dulbecco's modified Eagle's medium) supplemented with glutamine (2 mM), penicillin (100 U/ml), streptomycin (100 µg/ml) and heat-inactivated fetal calf serum (10% v/v) at 37°C. For the expression of the rtTA and rtTA-E vectors, the cells were grown with doxycyclin (1 µg/ml).

Transfections were performed as previously described ([@B28]). In a standard experiment, 3 × 10^6^ cells were grown in 10 cm dishes. The next day, 2 µg of plasmid DNA and 6 µg of pSP72 carrier (Promega) were transfected by phosphate calcium precipitation. For cotransfections, 2 µg of each plasmid were used along with 4 µg of pSP72 carrier. In all cases, in order to eliminate the plasmid in excess in the medium, 6 h after the transfection, cells were trypsinized, centrifuged and then transferred in a new dish. The supernatant was harvested 24 h after the transfection, centrifuged at 1500 rpm during 10 min and filtered at 0.45 µm. Cells were collected by pipetting with PBS and centrifuged 5 min at 1500 rpm.

RNA extractions
---------------

RNA extractions from cells and virions were realized as described previously ([@B42]). Briefly, cell pellets were treated with 500 µl of TriReagent (MRC) according to the manufacturer\'s instructions and then RNA was dissolved in 50 µl of ultra-pure water.

Virions were purified from 10 ml of supernatant by ultracentrifugation through a 1 ml sucrose cushion (20% in PBS) at 30 000 r.p.m. during 90 min at 4°C. Virions in the pellet were dissolved in 80 µl of TES (50 mM Tris pH 7.5; 5 mM EDTA; 0.1% SDS), 5 µl were collected to evaluate the p24 quantity in the pellet with the ELISA Innotest HIV kit (Innogenetics), then 180 µl of TES containing 20 µg of tRNA carrier were added to the remaining virions. RNA was then extracted with phenol--chloroform, chloroform and precipitated with ethanol, washed with 70% ethanol and dissolved in ultra-pure water.

All RNA samples were treated with RQ1 DNase (Promega) in presence of RNaseOUT (Invitrogen) during 25 min at 37°C. RNA was extracted with phenol--chloroform then chloroform and finally precipitated with ethanol 100% and washed with ethanol 70%. RNA pellets were dissolved with 15 µl of ultra-pure water. RNAs were quantified by measuring optical absorption at 260 nm.

RT--PCR
-------

Reverse transcription was performed with the expand RT (Roche) with 2 µg of RNA sample for the quantification of viral RNAs and GAPDH RNA and 0.5 µg for the U6 and 7SL RNAs. Oligo(dT) primer (4 µM) was used with viral RNAs and GAPDH cell RNA. Specific internal primers (4 µM) were used for U6 (aU6-103 5′-TATGGAACGCTTCACGAATTTGCG) and 7SL (a7SL148 5′-CCCGGGAGGTCACCATATT) RNAs. For each assay, a control experiment was systematically performed without RT to check the absence of DNA contamination.

After RT, the samples were diluted with ultra-pure water at 1/5 except for U6 and 7SL samples which were diluted at 1/200. A total of 2.5 µl of sample were used for each quantitative PCR reaction performed with the LightCycler® FastStart DNA MasterPLUS SYBR Green I kit (Roche) and the RotorGene apparatus (Labgene). The RT products were amplified by 35 cycles of PCR: 95°C for 15 s; 58°C for 12 s and 72°C for 20 s. 0.5 µM of each of the following oligonucleotides pairs were used: for FL, sHIV-1306 5′-TCAGCATTATCAGAAGGAGCCACC sense and aHIV-1541 5′-TCATCCATCCTATTTGTTCCTGAAG antisense; for MS, sHIV-5967 5′-CTATGGCAGGAAGAAGCGGAG sense and aHIV-8527 5′-CAAGCGGTGGTAGCTGAAGAG antisense; for *env*, sHIV-729SD1A5 5′-GAGGGGCGGCGACTGGAAGAA sense and aHIV-6134 5′-ACTATGGACCACACAACTATTGC antisense; for GAPDH, GA-721 5′-GCTCACTGGCATGGCCTTCCGTGT sense and GA-931 5′-TGGAGGAGTGGGTGTCGCTGTTGA antisense; for 7SL, s7S-22 5′-CTGTAGTCCCAGCTACTCG sense and a7S-148 5′-CCCGGGAGGTCACCATATT antisense; and for U6, sU6-3 5′-GCTCGCTTCGGCAGCACATATACT sense and aU6-103 5′-TATGGAACGCTTCACGAATTTGCG antisense.

A standard curve was generated from 10^2^ to 10^6^ copies of pNL4-3 plasmid. For analysis of the different RNAs produced in transfected cells, RNA samples were normalized to the GAPDH mRNA level. As negative control, GAPDH RNA was measured in viruses and showed no significant level of this RNA compared to negative control with H~2~O.

Standard PCR were performed with Taq DNA polymerase (Biolabs) and primers specific to singly spliced RNAs: sHIV490 5′-CTCTCTGGCTAACTAGGGAAC sense and aHIV-6134 antisense (see above). Each 32 PCR cycles consisted of denaturation for 15 s at 94°C, annealing for 1 min at 60°C and extension for 1 min at 72°C. PCR products were run on 2% agarose gel and bands corresponding to env RNA were visualized by GelRed (Biotium) staining and their intensities measured by ImageQuant.

RESULTS
=======

Rationale for HIV-1 mutagenesis
-------------------------------

Models for the conformation of the 5′UTR indicate the presence of at least six secondary structure elements (TAR, polyA, PBS, SL1, SL2 and SL3) ([@B1; @B2; @B3]) ([Figure 1](#F1){ref-type="fig"}). The U5 junction sequence between the polyA and PBS domain (nt 105--115) is shown unpaired, but can participate in a long-range interaction with nucleotides surrounding the Gag initiation codon ([@B8],[@B43; @B44; @B45]) ([Figure 1](#F1){ref-type="fig"}). Based on these models, deletion of complete structural motifs was undertaken in order to minimize structural changes in adjacent domains that could affect packaging in an indirect manner through gross folding defects ([@B46]). To determine whether the 5′UTR motifs contribute to packaging selectivity, we singly deleted each of the aforementioned motifs (TAR, polyA and PBS). To study the possible packaging contribution of the TAR hairpin in the absence of its essential function in Tat-mediated activation of transcription, the effect of TAR deletion was examined with an HIV-1 variant (HIV-rtTA) that does not need TAR for transcription ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr577/DC1)). This HIV-rtTA vector carries substitutions in TAR that abolish transactivation of the viral promoter by Tat and was used as parental plasmid to construct the TAR-deleted mutant (rtTA-E) ([@B11]). For convenience, these rtTA and rtTA-E vectors were renamed TAR and ΔTAR in the present study ([Figure 1](#F1){ref-type="fig"} and [Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr577/DC1)).

When SL1SL3-driven packaging of FL RNA is abrogated (mutant ΔSL1SL3), the FL and spliced RNAs were packaged with approximate similar efficiency, with an optimal packaging efficiency for the spliced RNAs ([@B28]). This context appears to be useful to determine packaging determinants of spliced RNAs. Thus, the polyA and PBS motifs were deleted together with the SL1 and SL3 hairpins (ΔpolyAΔSL1SL3 and ΔPBSΔSL1SL3 in [Figure 1](#F1){ref-type="fig"}).

It was reported that Gag binds to the first 261 nt of the 5′UTR, precisely corresponding to the sequence that is shared by all spliced and FL RNAs ([@B47]). Thus, we hypothesize that Gag could interact with the spliced RNAs through its nucleocapsid domain (GagNC) known to drive FL RNA packaging ([@B4],[@B5],[@B48]). Since the two NC ZFs are major functional elements, we analyzed mutants with deletion of the first (ΔZF1) or the second ZF (ΔZF2) or with substitution, namely His23 and His44 to Cys, referred as the H23C and H44C mutants ([Figure 2](#F2){ref-type="fig"}). These mutations maintain the Zn^2+^-binding residues (CCCC motifs), but trigger partial misfolding of the NC central globular domain. Basic residues of the N-terminal and the linker sequences stabilize the nucleoprotein complex through electrostatic interactions ([@B49]). Thus, the basic residues Arg7, Arg10 and Lys11 were changed to neutral Ser residues (R7R10K11S) and the basic Lys was substituted by the acidic Asp (K14D) ([Figure 2](#F2){ref-type="fig"}). We analyzed the effect of changing Pro31 to Leu31 (mutant P31L) which is located in the highly conserved ^29^RAPRKKG^35^ linker involved in spatial orientation of the ZF motifs ([@B15],[@B50; @B51; @B52]) ([Figure 2](#F2){ref-type="fig"}). To study the influence of the SP2 domain of Gag, we used the K59L mutant in which Lys59 was changed to Leucine ([Figure 2](#F2){ref-type="fig"}). We undertook a systematic survey of the GagNC requirements for packaging selectivity by monitoring the uptake of viral (FL and spliced) and cellular (7SL and U6) RNAs into HIV-1 particles.

Multiple RNA domains (polyA, PBS, SL1 and SL3) are determinants for FL RNA packaging
------------------------------------------------------------------------------------

Packaging of the FL HIV-1 RNA requires the two hairpins, SL1 and SL3, forming the Psi region ([Figure 1](#F1){ref-type="fig"}) \[for review see ([@B4],[@B5],[@B48]) and references herein\]. In the absence of these two hairpins the packaging of FL RNA (ΔSL1SL3) was strongly decreased (3-fold reduction, [Figure 3](#F3){ref-type="fig"}A) but not abolished and it remained selective despite the reduced efficiency ([@B28]). These findings suggest the presence of residual packaging signal(s) within the RNA genome of the ΔSL1SL3 mutant. We hypothesize the presence of additional *cis*-packaging signals upstream of the splice donor site (SD1) that includes three well-characterized structures, the TAR and polyA hairpins and the PBS domain ([Figure 1](#F1){ref-type="fig"}). The contribution of these motifs was examined by individual deletion in the presence or absence of the major SL1 and SL3 packaging signals. A previous study showed that the level of HIV-1 expression in 293 T cells did not impact on the selectivity of RNA packaging ([@B28]). Thus, moderate-level expression of HIV-1 as previously determined ([@B28]) was chosen to prevent cell lysis, which could disturb the intracellular RNA traffic. The content of wt and mutant HIV-1 particles was rigorously assessed with highly quantitative techniques such as real-time RT--PCR and ELISA assays for quantitation of RNA and virion capsids (CA-p24), respectively. For RNA analysis, two control RT--PCR reactions were systematically performed. One control was used to check for DNA contamination by running RT reactions without reverse transcriptase, followed by quantitative PCR amplification. The other control experiment evaluated the background level by running a real-time PCR with RNA samples extracted from supernatant of mock-transfected cells. These background signals were removed from the RNA copy numbers measured in HIV-1 positive samples and the RNA data were normalized for viral particle production as quantitated by CA-p24 ELISA. Figure 3.Effects of the 5′UTR mutations on packaging of viral RNAs. (**A**) Quantitation of FL RNA in wt and mutant particles. Levels of released virions and FL RNA content were determined by p24 ELISA and quantitative RT--PCR, respectively. Copy numbers of FL RNA were given for 100 ng p24 and normalized to wt. Error bars indicate SD from five independent experiments. (**B**) Effects of mutations on spliced RNA levels in virions. MS for overall multi-spliced RNA class and env (for mRNA encoding envelope) is one major representative of the singly spliced RNA class. Spliced RNA were measured from the same RNA samples as used for FL RNA quantitation. Error bars indicate SD from five independent experiments. (**C**) Comparison of spliced RNA encapsidation when polyA^+^ and polyA^−^ viruses are co-expressed. 293T cells were transfected with ΔSL1SL3 and ΔpolyAΔSL1SL3 either together or individually as control. RNA was extracted from cells (C) and viruses (V). Spliced env-RNAs were detected by standard RT--PCR and the amplified products were run on agarose gel. The mutant mRNA templates, the RT and PCR primers and the amplified cDNA products were drawn in the top part. Since polyA deletion shortened the amplified product by 46 nt, the different mutant forms of env-RNAs were distinct.

The role of the TAR motif was investigated with a Tat-independent vector (TAR) that allows TAR hairpin deletion without abolishing RNA production ([@B11]) ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkr577/DC1)). We found that deletion of the TAR hairpin (ΔTAR) had little effect on the intravirion FL RNA level, indicating that TAR hairpin is not crucial for packaging of FL RNA. In contrast, deletion of the polyA hairpin (ΔpolyA) or the PBS domain (ΔPBS) reduces the packaging by about 70% when compared to that of the corresponding wt control virus. Interestingly, such decreases in RNA packaging efficiency are similar to that observed for ΔSL1SL3 RNA ([Figure 3](#F3){ref-type="fig"}A). The absence of cumulative effect of ΔPBS and ΔSL1SL3 in the double mutant (ΔPBSΔSL1SL3) suggests that the PBS effect might result from SL1SL3 disturbance. A more prominent decrease was observed when the polyA deletion was combined with SL1SL3 removal in ΔpolyAΔSL1SL3 leading to FL RNA incorporation levels of 10% when compared to the wt control. Consistent with previous reports ([@B9],[@B13],[@B14],[@B53]), the polyA and the PBS motifs appeared important for packaging of FL HIV-1 RNA. Additionally, our results reveal similar contributions of these two structures and the major SL1SL3 determinants.

The polyA hairpin contributes to packaging of spliced viral RNAs
----------------------------------------------------------------

In addition to the FL viral genome, the spliced viral RNAs are also specifically incorporated in HIV-1 virions. A previous quantitative and comparative analysis showed that multi-spliced (RRE-) and singly-spliced (RRE+) mRNAs display similar encapsidation capabilities that do not required the presence of SL1 ([@B28]). Up to now, there is no data available on the packaging determinants of viral spliced mRNAs. Since the TAR, polyA and PBS structures are included in all spliced RNA molecules, we measured the effects of their deletion on spliced mRNAs packaging.

These 5′UTR deletions could affect the usage of the adjacent SD1 site that is used for production of all spliced mRNA species ([@B2]) ([Figure 1](#F1){ref-type="fig"}) and could complicate the RNA packaging analysis. Thus, we first examined the splicing efficiencies of the 5′UTR mutated transcripts. RNA was extracted from transfected cells and the intracellular levels of spliced and unspliced RNAs were determined. Quantitative analysis of spliced and unspliced viral RNAs was performed by using the same initial RT reaction, followed by specific qPCR amplifications. We used a primer pair specific for the SD4/SA7 exon--exon junction that allowed quantification of the MS RNA class. Intracellular ratios of MS to FL RNA were determined. Results for ΔSL1SL3 ([Table 1](#T1){ref-type="table"}) correlate with a previous study showing that the ΔSL1SL3 mutation did not influence the splicing ([@B28]). Except for the ΔTAR mutant that exhibited a modest 2-fold decrease of splicing, the ΔpolyA, ΔPBS and ΔpolyAΔSL1SL3 mutations do not seem to significantly modify the splicing (*P* \> 0.1) ([Table 1](#T1){ref-type="table"}). However, the ΔPBSΔSL1SL3 shows a 1.6-fold splicing increase (*P* = 0.005) and a possible effect on packaging cannot be excluded ([Table 1](#T1){ref-type="table"}). Table 1.Effect of 5′UTR deletions on splicingWtΔpolyAΔPBSΔSL1SL3ΔpolyA ΔSL1SL3ΔPBS ΔSL1SL3TARΔTARMS/FL (%)    10093 ± 34119 ± 27142 ± 57101 ± 25163 ± 2010052 ± 22[^1]

Despite the 2-fold decreased splicing efficiency ([Table 1](#T1){ref-type="table"}), the TAR mutant (ΔTAR) displayed about a 7-to 9-fold increase of spliced mRNA level in virions compared to the corresponding wt construct (TAR) ([Figure 3](#F3){ref-type="fig"}B). These results indicate that the TAR hairpin is not required for packaging of the spliced mRNAs and rather acts as a negative determinant. Similarly, deletion of the PBS domain (ΔPBS) increased the amount of MS and env mRNAs in virion by 4- and 11-fold, respectively, compared to wt ([Figure 3](#F3){ref-type="fig"}B). As expected, ΔSL1SL3 mutant particles exhibit a strong increase of the MS and env mRNA levels, yielding the highest ratios of RNA to CA-p24 (increases about 700 and 2700% of wt, respectively, [Figure 3](#F3){ref-type="fig"}B). The ΔPBSΔSL1SL3 mutant contains levels of spliced RNAs close to those of the ΔSL1SL3 mutant ([Figure 3](#F3){ref-type="fig"}B). Since the mutant mRNAs are not packaged less efficiently than the wild-type mRNAs, the PBS domain appears dispensable for packaging of these mRNAs.

In contrast, deletion of the polyA hairpin (ΔpolyA) leads to a 20% packaging decrease compared to wt ([Figure 3](#F3){ref-type="fig"}B). To confirm the importance of the polyA signal, packaging was monitored in the ΔSL1SL3 context (ΔpolyAΔSL1SL3) where packaging of FL RNA, possibly a competitor of spliced RNAs, was impaired (*trans*-effect). In the ΔSL1SL3 context, the packaging of spliced RNAs was not affected by a direct *cis*-effect, since the SL1 motif was dispensable and SL3 is absent from the wt spliced sequences. A previous analysis of the ΔSL1, ΔSL3 and ΔSL1SL3 mutants revealed that the highest increase of spliced RNA packaging was obtained with the co-deletion (ΔSL1SL3) ([@B28]). Therefore, the ΔSL1SL3 context appears the most appropriate for the detection of packaging reduction when deleting a putative *cis*-determinant. Interestingly, the ΔpolyAΔSL1SL3 virions contained 2.5- and 6-fold less MS and env mRNAs, respectively, compared to ΔSL1SL3 particles. These results combined with with the absence of splicing reduction ([Table 1](#T1){ref-type="table"}) suggest that the polyA motif contributes to the spliced RNA packaging. To directly address the role of the polyA hairpin, we undertook competition experiments. The ΔSL1SL3 and ΔpolyAΔSL1SL3 plasmids were cotransfected in 293 T cells. RNA was extracted from cells and virions, and analyzed by standard PCR, followed by agarose gel electrophoresis and visualization of the band corresponding to env RNAs. This approach allowed discrimination of the ΔSL1SL3 and ΔpolyAΔSL1SL3 RT--PCR products, due to the ΔpolyA deletion ([Figure 3](#F3){ref-type="fig"}C). Although ΔpolyAΔSL1SL3 env-RNAs were more abundant than ΔSL1SL3 env-RNAs in cells (lane 3), the ΔpolyAΔSL1SL3 env-RNAs were less efficiently (∼2-fold) incorporated than ΔSL1SL3 in virions (lane 4). Thus, when the two mutant env-RNAs were present together, HIV-1 preferentially packaged the RNA with the polyA motif, demonstrating that the polyA structure confers an advantage to the spliced RNA for packaging. Altogether, these results reveal that the polyA hairpin is a packaging determinant of the viral spliced RNAs and of FL RNA.

Influence of 5′UTR mutations on packaging of host 7SL and U6 RNAs
-----------------------------------------------------------------

Several host cell derived RNAs, such as the 7SL and U6 transcripts, are natural components of HIV-1 particles that are packaged in a non-random manner. Previous study of their abundance in virions reported only 10-times less copies of 7SL and U6 RNA than that of FL RNA in the same virion sample ([@B28]). To examine whether 7SL/U6 incorporation is influenced by viral RNA packaging, we measured their amounts in the different 5′UTR-mutated viruses. As a control for non-specific secretion of cellular RNAs, the culture supernatant from mock-transfected 293 T cells was always analyzed in parallel. A low level of spontaneous host RNA secretion was measured for both RNAs (0.004%) and this value was subtracted from the quantitated RNA levels. Host RNA copy numbers were also normalized for viral particle production (CA-p24) ([Figure 4](#F4){ref-type="fig"}A). Figure 4.Consequences of 5′UTR mutations on packaging of host U6 and 7SL RNAs. (**A**) For each RNA species, specific primers were used for both RT and qPCR reactions. As in [Figure 3](#F3){ref-type="fig"}, RNA levels are expressed as copy numbers for 100 ng p24 and normalized to wt. Error bars indicate SD from five independent experiments. (**B**) To compare level variations between FL and host RNAs among the 5′UTR mutants, RNA levels/100 ng p24 were expressed as percentage of the wt FL RNA and reported in a log-scale graph.

All 5′UTR mutant virions harbor modest increases of both cellular 7SL and U6 RNAs compared to the wt construct ([Figure 4](#F4){ref-type="fig"}A). To know whether the variation of host cell RNA packaging depends on FL RNA, the 7SL and U6 RNA amounts were plotted as percentage of wt FL RNA ([Figure 4](#F4){ref-type="fig"}B). This analysis showed no correlation, suggesting that host RNA incorporation is not influenced directly by that of FL RNA.

Role of different GagNC domains in FL RNA packaging
---------------------------------------------------

GagNC protein plays a key role in virus assembly and the RNA packaging process, which require its nucleic acid-binding and chaperone activities ([@B20]). To study the control exerted by GagNC on the packaging selectivity, we studied the effects of mutating the two highly conserved CCHC ZFs, the basic RAPRKKG linker sequence and the flanked N-terminal and C-terminal domains ([@B52]) ([Figure 2](#F2){ref-type="fig"}). After transfection of cells with the wt and mutant HIV-1 plasmids, the level of intravirion RNA was determined as described above for the 5'UTR mutants and as described in 'Materials and Methods' section.

As expected, deletion or mutation of either ZF1 or ZF2 decreased the FL RNA level in virions, with the strongest decrease scored for ΔZF1 and ΔZF2 (6% of wt) ([Table 2](#T2){ref-type="table"}). These severe effects confirm the importance of the two ZFs for FL RNA packaging ([@B37],[@B38],[@B54; @B55; @B56],[@B60]). The basic residues interact with viral RNA *in vitro* ([@B57]), especially with the SL3 hairpin ([@B15]). We therefore investigated the impact of the N-terminal mutants R7R10K11S and K14D and the linker mutant P31L. These substitutions caused moderate decreases of the FL RNA levels in virions (∼30--55% of wt) ([Table 2](#T2){ref-type="table"}), consistent with previous studies ([@B39],[@B58; @B59; @B60; @B61; @B62]). In contrast, the K59L substitution in the Sp2 domain of Gag had no effect on RNA packaging. Altogether, these results support the notion that the ZFs are intimately involved in the interaction with viral RNA, and the basic residues may neutralize the phosphates of the RNA backbone, leading to specific packaging of the genome. Table 2.Effect of GagNC mutations on FL RNA level in HIV-1 particlesWtR7R10K11SK14DH23CΔZF1H44CΔZF2P31LK59LFL RNA (%)    10064 ± 1546 ± 1527 ± 127±27 ± 46 ± 470 ± 2496 ± 25[^2]

N-terminal basic residues and ZFs of GagNC negatively regulate packaging of viral spliced mRNAs
-----------------------------------------------------------------------------------------------

As for the 5′UTR RNA mutants, the effects of the GagNC mutations on splicing were first investigated. We measured the amounts of the viral RNAs produced in transfected cells and determined the intracellular ratio of MS to FL RNA for each mutant ([Table 3](#T3){ref-type="table"}). These results indicated that splicing is not affected. To investigate the role of GagNC in spliced RNA packaging, we determined the levels of MS and env mRNAs in wt and mutant viruses. Ratios of RNA to CA-p24 were calculated and normalized to that of wt. All mutations increased the incorporation of spliced mRNAs in virions, with exception of the P31L and K59L virions that exhibit about wt level ([Figure 5](#F5){ref-type="fig"}A). The most prominent effect was obtained for the ΔZF1 mutant with a 5-to 6-fold increase of the env and MS mRNAs, respectively. It appears that spliced mRNA packaging increases when the intravirion level of FL RNA decreases and vice versa. These inverse co-variations can be illustrated when the spliced mRNA levels are plotted as percentage of wt FL RNA ([Figure 5](#F5){ref-type="fig"}B). These results indicate that the two ZFs and the basic residues of the N-term restrict the incorporation of spliced RNA, while favoring FL RNA incorporation into virions. Figure 5.Role of the GagNC in selective uptake of HIV-1 RNAs. A schematic representation of NC is reported in the upper part. (**A**) Quantitation of spliced and unspliced RNAs in wt and mutant particles. Copy numbers of each RNA species were given for 100 ng p24 and normalized to wt. Error bars indicate SD from at least three independent experiments. (**B**) Comparative analysis of the effects of mutations on the different RNA species. RNA levels/100 ng p24 were expressed as percentage of the wt FL RNA. Table 3.Effect of GagNC mutations on splicingwtR7R10K11SK14DH23CΔZF1H44CΔZF2P31LK59LMS/FL (%)    10081 ± 2883 ± 34112 ± 794 ± 25108 ± 499 ± 2176 ± 21129 ± 28[^3]

Role of GagNC in packaging of 7SL and U6 RNAs
---------------------------------------------

Since GagNC is involved in the selective uptake of viral RNAs in virions, it could also play a role in the selection of the host RNAs. Thus, we examine whether deletion or mutation of GagNC changes the virion levels of 7SL and U6 RNA. The intravirion amounts of 7SL and U6 RNAs were determined for each GagNC mutant by RT-qPCR with a specific set of primers, as described in the 'Materials and Methods' section. The results show that the ZF mutants H23C, ΔZF1, H44C and ΔZF2 contain an increased amount of the two cellular RNAs. This up-regulation is more pronounced for U6 (up to 8-fold) than for 7SL (up to 4-fold) ([Figure 6](#F6){ref-type="fig"}A). In contrast, U6 and 7SL RNAs respond similarly to mutation of the other NC domains (R7R10K11S, K14D, P31L and K59L), which cause an average increase of 1.4-fold compared to wt ([Figure 6](#F6){ref-type="fig"}A). These results are expressed as percentage of the wt FL RNA level in the overview graph in [Figure 6](#F6){ref-type="fig"}B. This graph suggests an inverse co-variation between the FL and the cellular RNAs. Indeed, when the level of FL RNA decreased in particular mutants, the level of 7SL and U6 increased. Altogether, these results indicate that GagNC contributes, mostly through its zinc-fingers, to discrimination between the viral genome and cellular U6 and 7SL RNAs. Figure 6.GagNC restricts the incorporation of the host 7SL and U6 RNAs in virions. (**A**) Quantitation of 7SL, U6 and FL in wt and mutant particles. Copy numbers of each RNA species were given for 100 ng p24 and normalized to wt. Error bars indicate SD from at least three independent experiments. (**B**) Comparative analysis of the effects of mutations on the different RNA species. RNA levels/100 ng p24 were expressed as percentage of the wt FL RNA.

DISCUSSION
==========

This study indicates that non-genomic RNAs, such as spliced viral RNAs and the cellular 7SL and U6 RNAs, are incorporated into HIV-1 particles through a selective mechanism. We studied packaging of the host U6 and 7SL RNAs in virions by mutating two key components of HIV-1 particles: the 5′UTR of the viral RNA genome and the GagNC protein. The variation in 7SL encapsidation efficiency among the mutants was similar to the effects on U6 RNA. There is no obvious correlation between incorporation of viral and host RNAs for the 5′UTR mutants ([Figure 4](#F4){ref-type="fig"}B). Thus, the virion recruitment of 7SL and U6 is not dependent on FL RNA, a result that is consistent with previous studies ([@B31],[@B34]). The GagNC mutations suggest an opposite correlation for incorporation of host and FL RNAs ([Figure 6](#F6){ref-type="fig"}B). Thus, the level of 7SL and U6 RNAs seems affected differently by disturbing viral RNA packaging through mutation of *cis* (RNA) versus *trans* (NC protein) elements. For instance, the ΔpolyAΔSL1SL3 (cis) and ΔZF1 (trans) mutants incorporate the same low amount of FL RNA (∼10% of wt) ([Figures 3](#F3){ref-type="fig"}A and [6](#F6){ref-type="fig"}A), but an increased level of U6 RNA ranging from 154% to 630% of wt, respectively ([Figures 4](#F4){ref-type="fig"}A and [6](#F6){ref-type="fig"}A). Taken together, these findings exclude the hypothesis of co-packaging that is based on RNA--RNA interactions between cellular and viral RNAs. The results also indicate that incorporation of the cellular RNA is not triggered by the space left by the HIV-1 RNA genome, but rather that it involves a specific RNA packaging process. This process seems negatively regulated, either directly or indirectly, by the GagNC protein that favors packaging of FL RNA. Thus, GagNC is a major contributor to the discrimination between viral and cellular RNAs.

Several recent studies focused on the incorporation of 7SL RNA in HIV-1 particles because 7SL is thought to account for the incorporation of the antiviral cytidine deaminase A3G ([@B35]). However, the role of NC in 7SL packaging remains controversial. Some studies reported that 7SL incorporation depends on the NC protein ([@B31],[@B63],[@B64]). Other studies did not score reduced 7SL packaging with mutant HIV-1 constructs expressing either a Gag protein deleted for the NC domain or NC replaced by a leucine zipper (Zwt-p6), such that the authors concluded that 7SL is packaged in an NC-independent manner ([@B30],[@B34]). Keene et al. explain this discrepancy by the different approaches used to monitor 7SL RNA, because the 7SL molecule is truncated in minimal virus-like particles (VLPs) lacking the NC protein, thus generating undetectable molecules ([@B65]). Our PCR measurements specifically detect intact 7SL molecules. We think that the use of HIV particles instead of VLPs provides a more rigorous assessment. In agreement with some studies ([@B30],[@B34]), we found that GagNC mutation does not reduce 7SL incorporation. We measured an increased level of 7SL RNA packaging for the ZFs mutants (2- to 4-fold), suggesting that GagNC negatively controls 7SL incorporation, either directly or indirectly, through co-factor(s) present in HIV particles such as the viral Vif protein ([@B66],[@B67]) or cellular proteins like Staufen1 ([@B68]), ABCE1 ([@B69]), Bro1 ([@B70]) or others ([@B71]).

There are several literature reports on the virion packaging of spliced HIV-1 RNAs that are natural components of infectious HIV-1 particles ([@B23],[@B24]). Their presence has been reported mainly in particles with reduced levels of FL RNA, e.g. due to Gag or Psi mutation ([@B72; @B73; @B74; @B75; @B76]). But the packaging mechanism remains undefined, mostly because the spliced RNAs are encapsidated only as trace amount in wt particles, which requires sensitive analysis methods. Recently, we showed that their presence in HIV-1 particles results from an active and selective process, and not from random incorporation ([@B28]). In addition, this previous packaging study concluded that neither SL1 nor SL3 (absent in spliced sequences) acts as *cis*-packaging determinants of the spliced RNAs. Their deletions (ΔSL1SL3) induced increased packaging of spliced RNAs that resulted from a competitive compensation of the defect in FL RNA packaging, rather than from a direct *cis-*effect on spliced RNAs ([@B28]). Here we show for the first time a decrease of spliced RNA incorporation by deletion of the polyA hairpin structure of the ΔSL1SL3 mutant, revealing the polyA hairpin as a new *cis*-packaging determinant for spliced mRNAs.

Our screen for a *trans*-packaging determinant within the GagNC domain indicates that ZF and the N-terminal basic residues restrict packaging of the spliced RNAs. Consistent with these results, increased packaging of spliced RNA was previously reported for the R10A and K11A NC mutants ([@B75]). This phenotype was suppressed by the compensatory T12I mutation in the SP1 domain of Gag ([@B75],[@B76]). The matrix (MA) domain of Gag could also play a redundant role with NC in Gag/RNA association ([@B77]). A recent study selected compensatory mutations for the ΔSL1 deletion that exhibits increased spliced RNA packaging. It was shown that the MA and SP1 domains of Gag restore the exclusion of spliced RNAs from virions, indicating a role of MA and SP1 in spliced RNA packaging. Further immunoprecipitation experiments indicated that MA and SP1 are responsible for the association between Gag and spliced RNAs ([@B78]).

We show that viral spliced and FL RNAs share the polyA hairpin as packaging determinant, but the packaging of FL RNA relies on several additional structures such as PBS, SL1 and SL3 that are either inactive (PBS, SL1) or simply absent (SL3) in spliced RNAs ([Figure 3](#F3){ref-type="fig"}B; 28). Although the TAR hairpin seems to restrict spliced RNA packaging, TAR was found dispensable for HIV-1 RNA packaging, which is in agreement with a previous study ([@B11]), but not with others ([@B9],[@B10],[@B79]). This discrepancy could be explained by adverse 5′UTR folding effects induced by mutational destabilization of the TAR hairpin. Specifically, its destabilization has been reported to influence the neighbouring polyA hairpin, which could affect this packaging determinant ([@B46]).

The present study does not only confirm the importance of NC domains for FL RNA packaging, that is the N-terminal basic residues and especially the ZFs, but these NC domains also control the packaging specificity by favoring FL RNA over spliced RNA ([Figure 5](#F5){ref-type="fig"}B). This inverse correlation between FL and spliced RNA incorporation suggests a competitive process. Preferential packaging of FL RNA is attributable to the high affinity of GagNC for the 5′UTR. The 5′UTR likely adopts different conformations in spliced and unspliced molecules. For instance, spliced RNAs could not form the long-range U5--AUG interaction that is important for genome dimerization and that is probably induced by Gag association ([@B8],[@B43; @B44; @B45],[@B80],[@B81]). This could reduce the affinity of NC for spliced RNAs and explain their reduced packaging efficiency.

A model that explains the packaging specificity can be proposed ([Figure 7](#F7){ref-type="fig"}A). The Gag protein, through its NC domain, binds with similar affinity to the polyA hairpin in spliced and FL RNAs. This Gag/RNA association is reinforced by the strong affinity of the GagNC for properly folded Psi region (notably SL1 and SL3) of FL RNA. With wild-type Gag, mainly FL RNA is packaged due to its tight interactions with multiple Gag molecules at the expense of spliced RNAs which lack active Psi elements. In contrast, in the presence of mutated NC, the RNA/Gag association is only ensured by the polyA site. In this case, spliced and FL RNAs equally compete for packaging, leading to increased levels of spliced RNAs in virions. Based on studies showing that the MA/SP1 domains of Gag can bind the spliced RNAs and participate into their packaging process ([@B75; @B76; @B77; @B78]), a more complex model could be proposed. In this alternative model, Gag binds loosely to the polyA site of the FL and spliced RNAs through its MA/SP1 domains (instead of GagNC in the first model), while GagNC binds tighly to the Psi region of the FL RNA ([Figure 7](#F7){ref-type="fig"}B). This model predicts that GagNC mutation do not affect packaging of the ΔpolyA spliced RNA that remains to be determined. Figure 7.Models for selective encapsidation of viral unspliced and spliced RNAs. (**A**) The FL RNA includes the Psi site formed by SL1 and SL3 hairpins that is properly folded and specifically recognized by Gag. GagNC domain is indicated in black and Gag MA/SP1 domains in grey. (A) The polyA hairpin harbored by FL and spliced RNAs, could also be recognized by the GagNC, conferring to the FL RNA a second Gag binding site. Thus, FL RNA is more competitive than spliced RNAs, since the FL RNA through its polyA and Psi sites can bind more Gag molecules than spliced RNAs. This common *cis*-packaging determinant (polyA) may explain how FL and spliced RNA species are packaged in a competitive manner and why they harbored similar (but low) packaging efficiencies in ΔSL1SL3 context ([@B28]). (**B**) In this alternative model, Gag MA/SP1 domains bind loosely to the polyA, while GagNC, as in (A), tightly binds to the Psi region. These two types of Gag/RNA interaction illustrate how FL RNA is more competitive that spliced RNAs for packaging.

Furthermore, the viral spliced RNAs are not the only transcripts to increase their virion content when GagNC is mutated. Indeed, HIV-1 mutated in the ZFs or the basic residues also packaged 100 times more viral cDNA than wt particles ([@B54],[@B82],[@B83]). We demonstrated that this DNA packaging resulted from the deregulation of viral reverse transcription activity during late steps of replication, called late RT ([@B22]). Taken together, these data and the present results showed a correlation between levels of DNA and FL RNA among the NC-mutant particles ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkr577/DC1)). This is consistent with the notion that viral reverse transcriptase copies the FL RNA to generate the double-stranded viral DNA while degrading the template RNA via its associated RNase H activity. Consequently, decreased incorporation of FL RNA in NC-mutant particles could result from decreased affinity of NC for FL RNA unable to recruit RNA but also from degradation by RNAse H activity. This new role of GagNC in the spatio-temporal control of reverse transcription makes the RNA packaging process appear more complex than initially thought. RNA dimerization as prerequisite for packaging could also be mentioned as complicating factor. Indeed, spliced HIV-1 RNA can dimerize *in vitro* ([@B84]). However, the hypothesis of spliced RNA homodimerization or heterodimerization with FL RNA as positive signal for packaging is not supported by the fact that SL1, the dimerization initiation site, is dispensable for spliced RNA packaging ([@B28]) and by the absence of systematic inverse co-variation between FL and spliced RNA packaging ([Figure 3](#F3){ref-type="fig"}). To better understand the packaging process and its selectivity, it will be interesting to know where and when viral RNA is first recruited by Gag to target the assembly sites in the cell. Several recent studies based on live cell microscopy of single RNA molecule have begun to reveal the initial events of HIV-1 RNA packaging, bringing evidences that Gag/RNA interact at a perinuclear/centrosomal site ([@B85]) and in the cytosol ([@B86; @B87; @B88]).
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[^1]: The ratio of MS to FL RNAs were normalized to ratio determined in cells transfected with wt HIV-1. The values represent mean ± SD of at least three independent experiments.

[^2]: For comparison purposes, averaged values were normalized to wt. The values represent mean ± SD of at least three independent experiments.

[^3]: The ratio of MS to FL RNAs were normalized to ratio determined in cells transfected with wt HIV-1. The values represent mean ± SD of at least three independent experiments.
